The Notch effector E(spl)M8 is phosphorylated at Ser 159 by CK2, a highly conserved Ser/Thr protein kinase. We have used the Gal4-UAS system to assess the role of M8 phosphorylation during bristle and eye morphogenesis by employing a non-phosphorylatable variant (M8SA) or one predicted to mimic the 'constitutively' phosphorylated protein (M8SD). We find that phosphorylation of M8 does not appear to be critical during bristle morphogenesis. In contrast, only M8SD elicits a severe 'reduced eye' phenotype when it is expressed in the morphogenetic furrow of the eye disc. M8SD elicits neural hypoplasia in eye discs, elicits loss of phase-shifted Atonal-positive cells, i.e. the 'founding' R8 photoreceptors, and consequently leads to apoptosis. The ommatidial phenotype of M8SD is similar to that in
Introduction
Throughout development, cell fate specification occurs with remarkable precision to generate a diverse array of cell types through the activities of highly conserved signaling pathways. One of these is the Notch pathway that is involved in the specification of a variety of cell fates (for reviews, see (Artavanis-Tsakonas et al., 1995; Blaumuller and ArtavanisTsakonas, 1997; Mumm and Kopan, 2000) ). This pathway consists of the receptor Notch (N), and other loci such as Delta (Dl), Suppressor of Hairless (Su(H)), and the Enhancer of Split complex (E(spl)). Among these, Dl encodes a ligand of Notch, Su(H) encodes a transcription factor, and E(spl) the ultimate transcriptional target of Notch signaling. The E(spl) locus encodes seven bHLH proteins (Md, Mg, Mb, M3, M5, M7, M8) and the non-bHLH protein Groucho (Gro) (de Celis et al., 1996; Delidakis and Artavanis-Tsakonas, 1991; Jennings et al., 1994; Klambt et al., 1989; Knust et al., 1992) .
Much has been learned about the roles of Notch during neurogenesis in Drosophila. The first step during the process of neuronal development is the generation of a precise spatial pattern of specification of neural precursors. During this process, proneural bHLH proteins (henceforth referred to as bHLH-activators) encoded by the achaete-scute complex and atonal (ato), are expressed in groups of cells, the proneural clusters, within the anlagen of the CNS and PNS (Heitzler et al., 1996; Hinz et al., 1994) , and this expression serves to maintain neural competency. However, all cells within proneural clusters do not adopt a neural fate even though they have the potential to do so. When one of these cells gains advantage over other cells of the proneural cluster, it goes on to adopt the neural fate and forces other cells to an alternative cell fate, such as epidermis. This altered cell fate specification has been termed 'lateral inhibition', and involves Notch mediated expression of E(spl) bHLH-repressors. Specifically, E(spl) bHLH proteins recruit Gro (a co-repressor) via an invariant Cterminal WRPW motif (reviewed in (Chen and Courey, 2000; Fisher and Caudy, 1998) ) in order to antagonize the functions of bHLH-activators during bristle and eye morphogenesis (Giebel and Campos-ortega, 1997; Ligoxygakis et al., 1998) . In line with this antagonism, loss of E(spl) elicits neural hyperplasia, while ectopic expression elicits neural hypoplasia; the latter effect is suppressed by concomitant overexpression of bHLH-activators such as L'sc (Giebel and Campos-ortega, 1997) .
Among all of the cell fates regulated by Notch, its roles during eye development are, perhaps, the most complex (reviewed in (Frankfort and Mardon, 2002; Hsiung and Moses, 2002) ). The Drosophila eye contains , 800 ommatidia (facets) that are arranged in a two dimensional lattice. Each facet is composed of eight photoreceptor neurons (Rcells) and 12 accessory cells that are arranged in a stereotypical pattern (reviewed in (Freeman, 1997) ). One of the earliest steps in eye development is the process of retinal patterning during which the 'founding' R8 photoreceptors are specified. In this regard, patterning of the retina occurs in a wave of differentiation, the morphogenetic furrow (MF) , that sweeps across the eye disc. During this process, the epithelium is systematically transformed into an hexagonal array of ommatidia, each of which is derived from a 'founding' R8 photoreceptor. Patterning of the eye thus reflects the arrangement of R8's that are established in the MF (White and Jarman, 2000) . R8 specification requires the bHLH-activator Atonal (Jarman et al., 1995; White and Jarman, 2000) , and involves signaling via EGFR, Notch, etc. (reviewed in (Frankfort and Mardon, 2002; Hsiung and Moses, 2002; Kumar and Moses, 1997; Pichaud et al., 2001) ). In this context, Notch plays dual roles. In an early phase termed 'proneural enhancement', Notch elicits ato expression in 'intermediate' group cells (proneural clusters) Baonza and Freeman, 2001 ). Subsequently, Notch mediates refinement (lateral inhibition) in the 'intermediate' group cells via E(spl) repressors, thus restricting ato expression to a single cell that goes on to differentiate as an R8 cell (Ligoxygakis et al., 1998) . The remaining cells of the group do not adopt a neural fate, but remain uncommitted thereby ensuring their competency for subsequent recruitment (by the R8 cell) into the developing ommatidium.
It is, perhaps, unique to R8 specification that the dual functions of Notch (proneural enhancement and lateral inhibition) affect the same cell fate decision. Consistent with this, an absence of N during 'proneural enhancement' severely reduces ato expression and results in a loss of R8 cells (as seen in ato 1 flies (Jarman et al., 1994; Ligoxygakis et al., 1998) ). In contrast, an absence of N during lateral inhibition prevents resolution of 'intermediate' groups into single phase-shifted R8 cells. In this case, as a consequence virtually all cells of the 'intermediate' group continue to express Ato and go on to adopt an R8 cell fate (Ligoxygakis et al., 1998) . Predictably, E(spl) clones in the eye disc are compromised only in refinement and thus exhibit supernumerary R8 cells. Of the seven E(spl) genes, three (m8, mb, and md) are expressed in the eye disc (Cooper et al., 2000; Ligoxygakis et al., 1998) . However, m8 is thought to play a predominant role in this tissue, because its overexpression and mutation in the E(spl) D allele (encoding M8*) severely attenuates retinal morphogenesis, and because the loss of mb and md does not affect eye development The et al., 1997) . Lateral inhibition also plays a role in bristle morphogenesis where bHLH-activators, e.g. Ac, Sc, L'sc are antagonized by E(spl) repressors (Culi and Modolell, 1998; Giagtzoglou et al., 2003; Giebel and Campos-ortega, 1997; Nakao and Campos-Ortega, 1996) .
Despite extensive studies on the roles of E(spl) proteins during bristle and eye development, it has remained unknown if their repressor activities are regulated in vivo, e.g. via phosphorylation. It has been known that ectopic expression of E(spl) repressors in wild type flies dominantly suppresses bristle development, but does not elicit eye (ommatidial) defects (Giebel and Campos-ortega, 1997 ). In addition, while E(spl)-repressors interact with bHLHactivators such as Ac, Sc, etc. (Alifragis et al., 1997; Gigliani et al., 1996) , their interactions with Atonal are observed only upon deletion of the C-terminal domain, as with M8* . While these discrepancies, perhaps, raised the possibility of different modes of function/regulation, the mechanism remained unknown. Our observation that a subset of E(spl) repressors, i.e. E(spl)M5, M7, and M8 are targeted by CK2, a Ser/Thr protein kinase, raised the possibility of phosphorylation as a regulatory mechanism (Trott et al., 2001) . CK2 is a highly conserved, messenger-independent, protein kinase with well defined roles in transcription, cell-cycle progression, checkpoint control, signal transduction, and development (reviewed in (Bidwai, 2000; Glover, 1998; Meggio and Pinna, 2003) ). Some of its targets in Drosophila include Topoisomerase II, Antennapedia, Eve, Engrailed, Cactus, NAP1, HMG, Period, etc. (Akten et al., 2003; Bourbon et al., 1995; Corbett et al., 1992; Jaffe et al., 1997; Li and Manley, 1999; Lin et al., 2002; Liu et al., 1997; Szewczuk et al., 1999) . Consistent with multiple functions, many of which appear to be cell autonomous, loss of CK2 is lethal in yeast, mammals, and Drosophila (Buchou et al., 2003; Jauch et al., 2002; Lin et al., 2002; Padmanabha et al., 1990) .
We have now analyzed the in vivo effect of the phosphorylation of E(spl)M8 by CK2 using variants that replace Ser 159 (the CK2 phosphoacceptor) with Ala/Asp. We find that a Ser 159 -Asp variant, M8SD, dominantly interferes with eye development. We provide evidence in favor of the proposal that CK2 might regulate the ability of M8 to antagonize Atonal in the eye. Our studies also suggest that the mechanism underlying the dominant ommatidial defect of M8SD is similar to that of E(spl) D . Given that lateral inhibition by E(spl)M8 mediates refinement of the 'founding' R8 photoreceptors via antagonism of Atonal, our studies implicate a potential role for CK2 during eye development.
Results and discussion

Structure of M8 and its CK2-specific variants
We previously reported that CK2 interacts with E(spl)M5, M7, and M8, but not with other E(spl) proteins (Trott et al., 2001 ). This specificity of interaction correlated to the presence of a highly conserved CK2 site (Fig. 1A,  inset) . Consistent with this, CK2 phosphorylates these three bHLH proteins, and substitution of Ser 159 of the M8 protein with Ala abolished phosphorylation. We focused on the analysis of M8 phosphorylation, because its roles during bristle and eye morphogenesis are well established (Giebel and Campos-ortega, 1997; Ligoxygakis et al., 1998; . For in vivo studies, we have employed two variants of M8 with respect to the CK2 site, S 159 DCD (Fig. 1A) D that is truncated C-terminal to the Orange domain, and is thus lacking the CK2-phosphorylation and Gro-interaction sites (Klambt et al., 1989) . Our decision to utilize Asp as a potential phosphomimetic residue is based on analyses of CK2 targets such as NAP1 and b-catenin, and protein kinases such as Aurora, where such substitutions 'mimic' the in vivo behavior of the phosphorylated protein Littlepage et al., 2002; Song et al., 2003) . Like M8SA, M8SD is refractory to phosphorylation by CK2 (Trott et al., 2001 ). This finding is critical since acidic residues are positive determinants for phosphorylation by CK2 (Meggio et al., 1994) , and confirms that replacement with Asp (M8SD) does not generate a second site for phosphorylation that may have confounded interpretations of phenotypes.
Characterization of M8 and its CK2-specific variants
Previous studies demonstrate that the C-terminal WRPW motif (Fig. 1A) mediates recruitment of the co-repressor Gro, and this interaction is required for proper in vivo function (repression) of all E(spl) proteins (reviewed in (Chen and Courey, 2000; Fisher and Caudy, 1998) ). Thus it was critical to ascertain that CK2-specific variants of M8 interact with Gro, and for this purpose we have used the yeast interaction trap assay (Brent and Finley, 1997) . In agreement with previous reports (Alifragis et al., 1997; Paroush et al., 1994) , interaction of Gro with M8 is robust, and similar results were obtained when Gro was tested for interaction with M8SA or M8SD (Fig. 1B) . In contrast, the absence of WRPW in M8* prevents its interaction with Gro and has been described ( , and Fig. 1B ). Distinct differences were, however, observed when M8 variants were tested against CK2a (Fig. 1B) . While CK2a interacts robustly with M8, its interaction with M8SA was attenuated by , 50%. In contrast, interaction of CK2a with M8SD appears marginal, at best, because LacZ values for this combination (, 30 units) are close to the baseline (10 -20 units) in this version of the yeast interaction trap. M8*, which lacks the CK2 site, did not interact with CK2a. These results raise the possibility that phosphorylated M8 has altered functions in vivo. Thus genetic analysis of M8, M8SA, and M8SD (see below) is likely to uncover the role of phosphorylation during neurogenesis, and the interpretations of phenotypes are unlikely to be confounded by simultaneously perturbed interactions with Gro and CK2a, as appears to be the case with M8*.
We have used the Gal4-UAS system (Brand and Perrimon, 1993) to explore the role of M8 phosphorylation. , of the CK2 consensus site (SDCD), and the deletion in M8* is as described (Giebel and Campos-ortega, 1997; . (B) LexAfusions of M8 and variants were tested against Groucho-or CK2a-fusions to the activation domain of VP16. LacZ activity is the average of 3 independent experiments each in triplicate. We have previously described the interaction of M8, M8SA, and M8SD (but not M8*) with CK2a (Trott et al., 2001 ).
This approach has been widely used in Drosophila (for review, see (Duffy, 2002) ), and has enabled analyses of the b/HLH, Orange, and WRPW domains of M8 during bristle and eye morphogenesis (Giebel and Campos-ortega, 1997; Ligoxygakis et al., 1998; . We have generated transgenic flies harboring UAS-m8, UAS-m8SA, and UAS-m8SD constructs, and multiple lines of each transgene were employed to eliminate position effects. The single UAS-m8* line was a gift from Anette Preiss and has been described previously . We considered the possibility of employing a 'non-interacting' variant of M8 (M8DCK2) that lacks the CK2-site (SDCD). We have, however, deferred from in vivo analysis of this variant because, unlike M8SA or M8SD, it is weakly phosphorylated (by CK2) at cryptic site(s) (data not shown), perhaps, due to misfolding.
Role of M8 phosphorylation during bristle development
As stated above, E(spl) proteins inhibit neural fate by antagonism of bHLH-activators (Giagtzoglou et al., 2003; Giebel and Campos-ortega, 1997; . In line with this, ectopic expression of E(spl) proteins elicits neural (bristle) hypoplasia, and such dominant effects should enable a dissection of the role of M8 phosphorylation during bristle morphogenesis.
To assess the ability of M8 variants to suppress bristle development, we initially elected to employ the Gal4 driver, G455.2, that restricts expression to the anlage of the scutellum (Giebel and Campos-ortega, 1997) . Compared to 4 macrochaetes that are invariant on the scutellum of wild type flies ( Fig. 2) , expression of M8 reduced the number of macrochaetes to 1^0.4 (^SD), Fig. 2 . Bristle phenotypes of M8 and variants. The effect on scutellar macrochaetes was assessed following expression of M8 and variants with the Gal4 driver, G455.2. Stocks of UAS constructs were crossed to G455.2 as described, and bristle phenotypes of non-CyO progeny were assessed. In wild type (WT), the scutellum exhibits four macrochaetes that are positionally invariant. M8 expression elicits a partial suppression, M8SA and M8SD elicit complete suppression, while M8* elicits ectopic bristles (arrows). while expression of M8SA or M8SD elicited a complete suppression (Fig. 2) . Similar phenotypes were observed with multiple insertions of each transgene. In contrast, expression of M8* resulted in 5.5^0.5 macrochaetes on the scutellum (Fig. 2) , indicative of an excess recruitment of sensory organ precursors (SOP). No such bristle abnormalities (hypoplasia or hyperplasia) were associated with the parental lines by themselves, or in progeny that harbored the Gal4 driver in combination with the CyO balancer chromosome (data not shown). The bristle hyperplasia of M8* is due to impaired lateral inhibition, because this phenotype is dampened by co-expression of wild type M8 and exacerbated in a background heterozygous for E(spl)C (Giebel and Campos-ortega, 1997) . On the other hand, the similarity of bristle suppression with M8, M8SA, and M8SD, and that all three isoforms contain a functional WRPW motif (Fig. 1B) , suggest that the phosphorylation state of M8 might not be critical for its repressor activity during bristle morphogenesis.
We were concerned that the restricted (scutellar) expression with G455.2 might dampen, and thus preclude a distinction of quantitative differences between M8, M8SA, and M8SD. We, therefore, utilized scaGal4 that drives expression in neural precursors in the embryo, in proneural clusters in the imaginal discs, and in the MF of the eye disc (Hinz et al., 1994; Nakao and Campos-Ortega, 1996) . Studies from the laboratory of Campos-Ortega (Giebel and Campos-ortega, 1997) have shown that expression of M8 by scaGal4 elicits a strong, but not complete, suppression of macrochaetes and microchaetes on the scutellum, thorax and head, whereas M8* elicits ectopic and/or duplicated macrochaetes indicating a defect in lateral inhibition. We reasoned that the greater expression domain of scaGal4 might enable us to distinguish between the repressor activities of M8SA and M8SD. As expected, expression of M8 by scaGal4 elicited potent bristle suppression, while M8* elicited ectopic bristles (data not shown). As seen with G455.2, expression of M8SD (13 independent insertions tested) by scaGal4 also elicited bristle suppression that was somewhat stronger than that observed upon expression of wild type M8 (data not shown). A similar analysis with M8SA was precluded because its expression by scaGal4 elicits embryonic lethality. This lethality was observed with all UAS-m8SA insertions (10 lines) either at 25 8C or at 18 8C (where Gal4 activity should have been lowered). Aside from this caveat, these results suggest that phosphorylation of M8 might weakly augment its antineurogenic properties, although we cannot rule out the possibility that this is simply due to enhanced expression or stability of M8SD. Thus, again the results indicate that phosphorylation of M8 is not overtly critical during bristle morphogenesis.
Role of M8 phosphorylation during eye development
An unexpected outcome of our studies using scaGal4 was a dominant 'reduced' eye phenotype associated with expression of M8SD, but not with wild type M8. To illustrate this phenotype, we have performed SEM's on eyes of wild type flies and those expressing M8 or M8SD. As expected, compared to flies expressing only Gal4 (Fig. 3A,  D) or wild type flies (data not shown), overexpression of M8 suppressed ommatidial bristles but did not alter either facet morphology or number (Fig. 3B, E) . While M8SD also suppressed ommatidial bristles, it elicited a severe attenuation of the number of ommatidia (Fig. 3C, F) . A virtually identical phenotype is seen with all independent insertions of UAS-m8SD (13 lines), and the number of ommatidia in each case was reduced to , 25. No such defects were associated with progeny of these crosses that harbored scaGal4 and the CyO balancer chromosome (data not shown), suggesting that the 'reduced eye' correlates to the expression of M8SD. In addition, some of the ommatidia of scaGal4/þ ; UAS-m8SD/þ flies exhibited a dimpled, 'blueberry', phenotype (Fig. 3F, arrows) . A similar 'reduced eye' (ommatidial) phenotype has also been described with N spl / Y; E(spl) D /þ flies , i.e. those expressing the truncated M8* protein (Figs. 1A and 3H, J). We, however, note that in our hands N spl /Y; E(spl) D /þ flies typically exhibit 4 -8 residual ommatidia (Fig. 3H, J) , whereas those reported by Nagel et al. exhibit , 25, perhaps, reflecting differences in the genetic backgrounds, culture procedures, etc. In contrast, no reduced ommatidial phenotype was observed when scaGal4 was used to drive expression of UAS-m8* (Fig. 3G, I ). The latter result is consistent with studies showing that ectopic expression of UAS-m8* elicits a 'reduced' eye phenotype in an N spl /Y, but not in a wild type (X/Y), background . The relevance of N spl to the eye phenotype of M8* (E(spl)
Although it has been shown that a double dose of M8 (in the wild type) does not inhibit eye development (Giebel and Campos-ortega, 1997; , it is nevertheless possible that the 'reduced' eye of M8SD (or for that matter M8*) reflects a higher dosage of the protein, or is specific to these variants. However, a direct assessment of protein levels is precluded by the absence of M8-specific antibodies and our observation that anti-Flag antibodies do not detect variants that harbor a single Flag-epitope at their N-terminus (data not shown). It is currently unknown whether this reflects N-terminal processing which might interfere with antibody-binding. Aside from this caveat, and to circumvent this potential problem, we have utilized between 10 and 13 independent insertions of each transgene (except for M8*), and find that constructs harboring a Flag-tag elicit phenotypes identical to their untagged counterparts (data not shown).
2.5. Analysis using 109-68Gal4, hGal4, gmrGal4, and sevGal4
As stated above, scaGal4 driven expression of UASm8SA elicited embryonic lethality, thus precluding analysis of this variant in the eye. We hypothesized that if M8SD represents a dominant allele in the eye (see Fig. 3C ), then M8SA by virtue of being refractory to phosphorylation by CK2 should more closely mimic the behavior of wild type M8 and not elicit a 'reduced' eye phenotype.
To circumvent the embryonic lethality of M8SA, we have utilized the driver Gal4 109 -68 (Frise et al., 1996) . In a comparative analysis of scaGal4 and Gal4 109 -68 , Doherty et al. (Doherty et al., 1997) indicate that expression with the latter driver is weaker. The 109 -68 insertion drives Gal4 in subsets of proneural cluster cells, SOPs and their daughters, and has previously been used by White and Jarman (2000) to demonstrate that ectopic expression of a UAS-ato construct triggers a rough eye phenotype due to excess recruitment of R8 cells in the MF. We reasoned that the attenuated expressivity of this driver might obviate the embryonic lethality of M8SA, and thus permit a complete analysis of the CK2-specific variants of M8 in the eye. This is indeed the case. Compared to the driver Gal4 109 -68 ( Fig. 4A) , expression of wild type M8 or M8SA does not elicit a reduced eye phenotype ( Fig. 4B and C) , while expression of M8SD elicited a 'reduced' eye phenotype (Fig. 4D) . We note that expression of M8SA does, however, lead to a slightly 'rough' eye phenotype that was not observed in either the Gal4 driver or upon expression of M8. Similarly, the reduced eye of M8SD also displays roughening which might be compounded by the reduced eye field. Fig. 4 . Eye phenotypes of M8 and variants. The effect on the eye was assessed following expression of M8 and variants with the driver, Gal4 . Balanced stocks of UAS constructs were crossed to Gal4 109-68 , and eye phenotypes of non-CyO progeny were assessed by SEM. The genotypes are indicated, and magnification is 200 £ . (E) Expression domains of Gal4-drivers relative to the MF of the eye imaginal disc. Cells at stage 1 are at the anterior margin of the MF (solid line) and those at stage 4 are at its posterior margin as described (Frankfort and Mardon, 2002) . Arrow denotes MF progression. Cells expressing Ato are shown in black and those expressing E(spl)M8 in response to Notch signaling are shown in gray. Cell types in bold denote those showing strong expression with sevGal4. (F) Summary of ommatidial phenotypes with eye disc specific expression of M8 and variants. WT denotes wild type, EL denotes embryonic lethal, the number of independent insertion lines is indicated in parenthesis, and the single UAS-m8* line is as described ).
The basis of the rough eye in M8SA expressing flies is currently under investigation. When the results with Gal4 109 -68 are compared to those with scaGal4, it is evident that the M8SD reduced eye is more severe with the latter driver (compare Fig. 3C with Fig. 4D ). This attenuated effect of M8SD is consistent with the reported differences between the two drivers; i.e. Gal4 109 -68 being the weaker. Once again, no such ommatidial defects were associated with progeny that harbored the Gal4 driver and the CyO balancer chromosome (data not shown), suggesting that the 'reduced' eye phenotype is specific to M8SD.
Given the dynamics of MF progression and the mechanism of retinal patterning (see Introduction), we wanted to determine if the dominant eye phenotype of M8SD was specific to expression in the MF, the zone where R8 specification and refinement occurs. For these studies, we have used the drivers hGal4, gmrGal4, and sevGal4. Expression with hGal4 is anterior to the MF (the proliferative zone of the eye disc), that with gmrGal4 is in all cells posterior to the MF, and with sevGal4 expression is during secondary recruitment of cells into the assembling ommatidia (Fig. 4E) . However, expression of M8SD did not elicit any reduced eye phenotype with these three drivers (Fig. 4F) . These results suggest that the ommatidial defects of M8SD correlate to expression (via scaGal4 or Gal4 109 -68 ) in the MF, where lateral inhibition by E(spl)M8 mediates refinement of the 'founding' R8 cells via antagonism of Ato (Ellis et al., 1994; Lee et al., 1996; Ligoxygakis et al., 1998; Powell et al., 2001 ). The inability of M8SD to elicit a 'reduced' eye phenotype when expressed with gmrGal4 or sevGal4 either reflects differences in the strengths of these drivers or suggests that once R8 specification has been achieved, subsequent cell fate/ functions become refractory to antagonism by M8SD. The latter interpretation would be consistent with the proposal of Nicholas Baker and coworkers that E(spl)M8 functions in the eye are dispensable following R8 differentiation (Ligoxygakis et al., 1998) . The inability of M8* to elicit a reduced eye with hGal4 or scaGal4 is due to the fact that these crosses were conducted in wild type (X/Y), instead of an N spl background, and has been described by others ( , and see below). Together, our results with scaGal4 and Gal4 109 -68 further support the notion that M8SD is likely to represent a dominant allele of m8 in the eye.
Immunostaining with mAb-Elav, a-Ato, and a-CK2
To assess retinal patterning at an earlier developmental timepoint, we have analyzed eye discs for the neuronal marker, Elav (Campos et al., 1987 ). This analysis is based on the observations that E(spl) clones in the eye disc exhibit enhanced neurogenesis in 'intermediate' group cells (Ligoxygakis et al., 1998) . Additionally, the partial loss of ato disrupts lattice arrangement of R8's posterior to the MF, whereas its misexpression elicits supernumerary R8's in eye discs and rough eyes (White and Jarman, 2000) . For these studies, we elected to utilize scaGal4 to drive UAS-m8 or UAS-m8SD because this driver provided the most severe phenotype. We find that Elav staining is dramatically attenuated in discs expressing M8SD (Fig. 5C ), whereas those expressing M8 (Fig. 5B) appear to be similar to the wild type (Fig. 5A) . The number of Elav-positive clusters in discs expressing M8SD roughly approximates the ommatidial number in the residual eye (Fig. 3C) , and these appear to be randomly dispersed throughout the disc epithelium behind the MF (the site of expression) and posterior to it (Fig. 5C) . A higher magnification of the region of staining in M8SD discs (Fig. 5C, inset) indicates that some of these ommatidia appear to contain a normal complement of photoreceptors while others appear aberrant. Thus the eye phenotype of M8SD reflects severe neural hypoplasia during ommatidial development.
To further refine the mechanism for the severe neural hypoplasia in M8SD eye discs, we have also assessed expression of Ato, a bHLH-activator required for R8 specification. As stated above, Ato expression within the MF is broad and ubiquitous at its anterior margin, whereas it resolves (due to antagonism by E(spl)M8) into a series of phase-shifted Ato-positive cells, the 'R8 founders' at its posterior margin. In addition, N spl /Y; E(spl) D /þ eye discs exhibit a virtual ablation of these phase-shifted R8 founders, suggesting that the truncated M8* protein dominantly exacerbates lateral inhibition (refinement) of 'intermediate' group cells ( and Fig. 5G ). The similarity of eye defects raised the possibility of a similar mechanism for M8SD. We have, therefore, utilized an antibody (a-Ato) to visualize Ato levels in scaGal4 eye discs (Fig. 5D) , and in discs wherein scaGal4 was used to express either UAS-m8 or UAS-m8SD (Fig. 5E and F) . Consistent with the normal ommatidial phenotype of scaGal4/þ ; UAS-m8/þ flies (Fig. 3B, E) , expression of M8 does not appear to affect refinement of R8 'founders' which are visible in the micrograph as a series of phaseshifted Ato-positive cells (Fig. 5E) . In contrast, expression of M8SD (with scaGal4) severely reduces the number of these phase-shifted R8 cells (Fig. 5F) , although it appears to reduce Ato-positive cells at the anterior margins of the MF as well. The virtual loss of phase-shifted R8's upon expression of M8SD at this developmental timepoint appears remarkably similar to that in N spl /Y; E(spl) D / þ discs (Fig. 5G) . Taken together, these results argue in favor of the possibility that the M8SD eye phenotype (like that of E(spl) D ) reflects exacerbated 'refinement' of R8 'founders'. Taking into account the outcome of Elav-and Ato-immunostainings, it is likely that a few R8 'founders' escape this developmental block. However, some of these might still be compromised for recruitment of secondary photoreceptors, thus resulting in an aberrant complement of Elav-positive cells in M8SD discs (Fig. 5C) .
Given the potential role for CK2 in regulation of M8 in the eye, and despite its cell autonomous functions, we have assayed for its presence in the eye disc. Using an antiserum that recognizes both (a and b) subunits of Drosophila CK2 (Dahmus et al., 1984) , we have conducted Western using either purified CK2 or extracts from eye discs. We find that CK2 is, in fact, present in eye discs (Fig. 5, a-CK2 , laneDisc). Based upon parallel analysis with purified CK2 (Fig. 5, a-CK2 , lane-C), the mobility of the two bands in eye disc extracts corresponds to that of CK2a and CK2b. The differences in the intensity of staining of CK2a vs CK2b in eye discs reflects a differential interaction of this antiserum with CK2 subunits and has been previously described by us (Bidwai et al., 1992) . We have also used this antiserum to immunostain eye discs, and find uniform staining of all cells (data not shown). Our observation that CK2 is widespread and not restricted just to cells in the MF, appears consistent with its pleiotropic functions (see Introduction).
Exacerbated apoptosis in eye discs upon expression of M8SD
It has been shown that eye discs from ato 1 /Df(3R)p 13 larvae (lacking Ato protein) exhibit a complete absence of R8 'founders' and this manifests as pervasive apoptosis behind the MF (Jarman et al., 1995) . This apoptosis is thought to Only the relevant area of the eye disc is shown for a-Ato immunostaining. Western on eye disc extracts was performed using an antibody to CK2 (a-CK2). This antibody recognizes the a and b subunits of Drosophila CK2 (Gel). CK2 was detected in extracts of eye disc (lane-Disc) or on 100 ng of purified CK2 as a control (lane-C).
reflect an absence of inductive cues that would normally be provided by R8 photoreceptors during the process of recruitment of other R-cells and accessory cells into the ommatidia (Jarman et al., 1995) . If this is the case, the severe loss of R8 'founders' upon expression of M8SD might also manifest as enhanced apoptosis. Using acridine orange to label cell death, we find that discs derived from scaGal4/þ ; UAS-m8SD/þ larvae do, in fact, display pervasive and biphasic apoptosis behind the MF (Fig. 5J) . In contrast, discs derived from either wild type larvae (data not shown), scaGal4 (Fig. 5H ) or scaGal4/þ ; UAS-m8/þ larvae (Fig. 5I ) exhibit low levels of apoptosis that is characteristic of this tissue during this developmental timepoint and has been described by others (Wolff and Ready, 1991) .
Interaction with atonal
The E(spl) D eye phenotype is due to an exacerbated physical interaction of the truncated M8* protein with Ato, whereas full length M8 either does not interact, or at best interacts very weakly . Given the similarity of attenuated R8 'founders' upon expression of M8SD, we reasoned that this variant might also display exacerbated interaction with Ato, and, if so, would further strengthen the notion that M8* and M8SD employ common mechanisms. We have, therefore, tested for this interaction via the yeast interaction trap. We find that the M8SD-Ato interaction appeared virtually identical to that between M8*-Ato, whereas interaction of wild type M8 with Ato was negligible (Fig. 6A) . In our hands, # 10 Miller units represents values typically obtained for non-interacting proteins, e.g. M8*-Gro or M8*-CK2a (see Fig. 1B ). Thus the LacZ values obtained for M8-Ato (11 Miller units) probably reflect the absence of an interaction. This interpretation is supported by the observation that the M8SA-Ato interaction gave results (9 Miller units) indistinguishable from those with M8-Ato. That LacZ values for M8SD-Ato interaction (, 45 Miller Units, Fig. 6A ) are significantly lower than those for M8SD-Gro (, 600 Miller Units, Fig. 1B) , does not imply a lower interaction affinity for the former protein pair. Rather, we attribute this difference to the weak activator from protein B42 that was used for the Ato analysis, rather than the strong activator from VP16 that was used for the Gro studies. That the interactions of M8* and M8SD with Ato are indistinguishable, suggests that the exacerbated interaction of M8SD with Ato is likely to also account for its 'reduced' eye phenotype. We note that expression with scaGal4 and Gal4 109 -68 coincides with cells at stages 2/3 (Fig. 4E) , a region of the MF where clusters of Ato-positive cells undergo refinement via E(spl)M8. Our results with mAbElav and a-Ato, and direct interactions with Ato, suggests that M8SD exacerbates R8 refinement.
What then is the relevance of N spl ? We reiterate that E(spl) D (M8*) elicits opposite effects, i.e. bristle-hyperplasia that is N spl -independent and photoreceptor-hypoplasia that is N spl -dependent. This is not the case with M8SD which elicits bristle and photoreceptor loss in wild type (X/Y) flies. It has been shown that the broad and ubiquitous MF-specific expression of Ato in stage 1 cells (Fig. 4E) is attenuated in N spl /Y discs, suggesting that this allele is compromised for 'proneural' enhancement . On the other hand, no such defects in Ato expression are associated with E(spl) D /þ ; X/Y discs . It is only in the N spl /Y; E(spl) D /þ combination that eye defects become apparent. The truncation in M8* is likely to engender structural perturbations, and its inability to interact with the co-repressor Gro might well make it a weak repressor. As a result, M8* requires a 'sensitized' N spl background where Ato levels are depressed. In contrast, M8SD harbors a single replacement (Ser 159 ! Asp), and its competency to interact with the co-repressor Gro and with bHLH-activators such as Ato (Figs. 1B and 6A) as well as Sc and Ac (data not shown), suggest that it might not be structurally compromised. These features probably obviate the requirement of M8SD for a 'sensitized' N spl background, and thus account for its consistent dominant behavior during bristle and eye morphogenesis.
Conservation of a CK2 consensus motif
Although E(spl) bHLH proteins are moderately conserved, they do display regions of similarity such as the b/HLH and Orange domains while the WRPW motif is invariant (Delidakis and Artavanis-Tsakonas, 1991; Maier et al., 1993) . In contrast, residues between the Orange domain and WRPW are not highly conserved, and this region (of unknown function) accounts for a majority of the length heterogeneity. One notable exception, however, is a conserved 'subdomain' in the M8/M7/M5 proteins that contains an invariant CK2 consensus site (Fig. 6B) . A strikingly similar sequence is also present in the human/ murine bHLH repressor Hes6, and in a manner similar to that of the E(spl)M8-Ato interaction, phosphorylation of the CK2 site in Hes6 promotes its interaction with the proneural bHLH-activator Hes1 (Gratton et al., 2003) . The high conservation of this region and its CK2 site in E(spl)M8, and our observation that perturbation of the CK2-phosphoacceptor significantly alters its in vivo function(s), makes a plausible case for an evolutionarily conserved role for phosphorylation. We note that this phosphorylation domain (P-domain) also conserves a number of Ser and Tyr residues, as well as several hydrophobic and acidic residues. This raises the question of whether differential phosphorylation of the P-domain serves to 'fine-tune' M8 repressor activity, or simply acts as a modular phosphorylationdependent switch. Such a modulation of M8 repressor activity that appears to be precipitated by a potentially phosphomimetic replacement also invokes questions on the roles of phosphatases that might oppose CK2. A reversal of M8 repressor activity by dephosphorylation might be relevant during retinal morphogenesis, since it could avoid a protracted block of the neural cell fate, and thus permit their secondary recruitment (as other R-cells, cone cells, etc.) into the assembling ommatidia.
Role for CK2 in notch mediated lateral inhibition
How might phosphorylation of E(spl)M8 confer an ability to antagonize Ato? Our observation that the M8SD-Ato interaction is indistinguishable from that of M8*-Ato, suggests that, in an unphosphorylated state, the P-domain masks ('autoinhibits') the Orange domain (the site for Atobinding) directly or indirectly (Fig. 7A) . In this scenario, phosphorylation of Ser 159 by CK2 would displace the blocking residues and permit binding to Ato and antagonism of its proneural functions. The dominant phenotypic effects of M8* (E(spl) D ) described by might be explained by the absence of such a putative 'autoinhibitory' domain. As stated above, a similar phosphorylation type switch is now also thought to mediate interaction of human/murine Hes6 with Hes1 (Gratton et al., 2003) , although in their studies truncations of Hes6 (akin to M8*) were not tested.
Our studies, in combination with those on E(spl) D , also suggest a potential mechanism for the role of CK2 in mediating Notch functions during retinal patterning (Fig. 7B) . We note that this model is limited by the absence of eye-specific alleles of CK2, and that it is based on misexpression phenotypes of M8SD in the eye. Nevertheless, it takes into account the similar eye phenotypes of M8SD and E(spl) D , and the known role of E(spl)M8 in mediating R8-refinement via antagonism of Ato. In this context, overexpression of M8, by itself, is not sufficient to allow for antagonism of Ato, an interaction that appears to require prior modification of the M8 protein via phosphorylation. In this model, CK2 phosphorylates M8 in cells undergoing Notch-mediated lateral inhibition (stage 2/3 in the MF, see Fig. 4E ), thus permitting antagonism of Ato and thereby the refinement of the R8 cells. The phenotypes of M8SD and M8*, albeit in different genetic backgrounds, and their interactions with Ato would appear to be consistent with this model. That M8SD perhaps mimics the 'constitutively' phosphorylated form of M8 might well underlie its dominant effects. In contrast, the absence of eye defects upon expression of wild type M8 probably reflects proper regulation via reversible phosphorylation in a precise spatial/temporal context, as would be achieved in wild type flies. To our knowledge, this is the first suggestion that CK2 might regulate M8 repressor activity during retinal morphogenesis. If so, it would suggest an additional layer of complexity to Notch signaling than previously recognized. Future efforts to elucidate the structural alterations in M8 that are triggered upon phosphorylation by CK2, and the identification of any additional protein kinases and/or phosphatase(s) will help unravel the diversity of mechanisms regulating M8 during eye morphogenesis.
Experimental procedures
Plasmid construction and germ-line transformation
The construction of variants of M8 harboring Ala/Asp in place of Ser159 (M8SA and M8SD) has been described previously (Trott et al., 2001 ). For construction of N-terminal Flag-epitope (MDYKDDDDK) tagged M8, M8SA, and M8SD, the open-reading-frames were amplified by PCR using custom primers. All constructs were subcloned into the pBluescript-II (Stratagene, Inc.), and completely sequenced on both strands using the Prism Dye Terminator Cycle sequencing kit (Applied Biosystems). For in vivo expression, cDNAs were subcloned into the EcoRI and KpnI sites of the plasmid pUAST (Brand and Perrimon, 1993) , and transgenic lines were generated by germ line transformations as described (Rubin, 1983) . w þ progeny were identified and the location of insertions was determined via crosses to lines harboring chromosomes carrying dominant visible markers. At least 10 -13 independent insertions of each transgene were isolated and used in these studies.
Flies and phenotypic analysis
Flies were raised at 25 8C on standard Yeast-Glucose medium. The Gal4 lines used in these studies were either obtained from the Stock Center at Indiana University (Bloomington) or were kindly provided to us by Anette Preiss and Yuh Nung Jan. The Gal4 drivers used in these studies are, G455.2 and scaGal4 (Giebel and Camposortega, 1997) , Gal4 109-68 (Doherty et al., 1997; Frise et al., 1996) , hGal4, gmrGal4 and sevGal4 (Ashburner, 1989) . Balanced stocks of transgenic lines were generated according to standard procedures and crossed to Gal4 drivers. To minimize variability of the phenotype, crosses were performed at 25 8C and employed 10 -13 independent insertions of each transgene. For SEM analysis on the eyes, fly heads were passed thorough a graded alcohol series (25 -50 -75-absolute) , and finally passed through Hexamethyldisalizane. Fly heads were sputter coated, and examined with a JEOL-6400 scanning electron microscope at an accelerating voltage of 20 kV. Images were collected and mounted with Adobe Photoshop and collated in Adobe Illustrator.
Immunocytochemistry and westerns
Eye imaginal discs were isolated from late third instar crawling larvae, and processed as described (Kavler et al., 1999) with modifications. Eye discs were fixed in 4% paraformaldehyde in 1 £ phosphate buffered saline (PBS) for 15 min, and washed three times with PBS containing 0.1% Triton X-100 (PBS-TX). The discs were incubated for 12 h at 4 8C in PBS-TX containing 5% normal horse serum and mouse anti-Elav hybridoma supernatant (mAb 9f8A9) at a 1:100 dilution. The anti-Elav hybridoma supernatant developed by G.M. Rubin was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained at The University of Iowa, Department of Biological Sciences, Iowa City, IA. Discs were washed three times with PBS-TX, and incubated with horse anti-mouse IgG-HRP conjugate (Vector laboratories) for 3 h. Discs were stained by incubation in PBS-TX containing 0.5 mg/ml diaminobenzidine, 0.3% H 2 O 2 , and 1.5 mM NiCl, and reactions were stopped by extensive washing. Discs were dried, passed through a graded alcohol series (70 -95-absolute), immersed in Hemo-D, and mounted in Cytoseal (Richard Allan Scientific). Slides were photographed and images mounted with Adobe Photoshop. Immunostaining of Ato was performed using a polyclonal rabbit serum (a-Ato, gift of Yuh Nung Jan) at a dilution of 1:5000 with 5% normal goat serum, followed by goat anti-rabbit IgG-HRP conjugate (Vector laboratories) at a dilution of 1:1000.
CK2 was purified from embryos using a procedure that will be described elsewhere. The purified enzyme displays a subunit composition, sedimentation coefficient, and kinetic parameters that are identical to those previously reported for the fly enzyme (Glover et al., 1983) . A polyclonal rabbit antiserum against CK2 was a gift of Claiborne Glover and has been described earlier (Dahmus et al., 1984) . Eye imaginal discs were isolated from crawling third instar larvae and solubilized in SDS-sample buffer. Extracts of 10 eye discs or purified CK2 (100 ng) were boiled for 10 min, clarified by centrifugation at 13 000 £ g for 5 min, electrophoresed on 12% SDS-polyacrylamide gels, and transferred to nitrocellulose. CK2 subunits were detected using primary antibody against CK2 at a dilution of 1:1000, and secondary antibody (goat-anti-rabbit IgG coupled to alkaline phosphatase, Biorad) at a dilution of 1:3000. Immunoblots were visualized using nitro-blue-tetrazolium and 5-bromo-4-chloro-3-indoyl-phosphate (Ausubel et al., 1989) . Immunostaining of CK2 was performed using a protocol similar to that described above for Ato, except that CK2 was detected using a polyclonal rabbit serum at a dilution of 1:100, and goat anti-rabbit IgG-HRP conjugate (Vector laboratories) at a dilution of 1:1000.
Acridine orange staining
Eye imaginal discs were isolated from late third instar crawling larvae in Drosophila Ringers, and stained with 1 mM acridine orange (Sigma) for 5 min at room temperature. Discs were rinsed once in Ringers, and visualized on an Olympus AX70 fluorescence microscope. Images were collected using IP-Lab software.
Two-hybrid analysis
Interactions were studied in the LexA-based version of the interaction trap (Gyuris et al., 1993) . Fusions with the activation domain (AD) employed either VP16 (Gro, CK2a) or B42 (Ato), and interactions were assessed in yeast EGY048. For quantitative assessment of interactions, three independent transformants, each in triplicate, were assayed for LacZ activity employing ONPG as a substrate as described (Trott et al., 2001) . LacZ activity was determined using the formula 1000 £ OD 420 =ðT £ V £ OD 600 ), where T is minutes and V is the concentration factor of the assay.
